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SOLAR ELECTRIC SPACE MISSION ANALYSIS

Progress Report for the Period 1 June through 31 December 1966

ABSTRACT

Supplemental to the Basic Program of Aerospace
Systems and Mission Analysis Research, studies of solar electric
space missions have been undertaken to assist the Jet Propulsion
Laboratory in establishing the applicability of solar powered
electric rocket propelled spacecfaft to solar system exploration.
This work was undertaken under separate contract at the request
of the Electric Propulsion Section of OART, NASA Headquarters.

Early results have provided a check on some solar
powered electric rocket propelled Mars orbiter missions in the
1971-79 time period that resulted from a recent study by Hughes
Aircraft Company.

Preliminary results for a solar electric Jupiter
flyby in an initial mode of heliocentric transfer have been
obtained.

Other prospective solar electric missions are being

considered.
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SOLAR ELECTRIC SPACE MISSION ANALYSIS*

Progress Report for the Period 1 June through 31 December 1966

I. INTRODUCTION
A. General

Following meetings and discussions during the first quarter
of 1966, research on solar electric space missions was initiated on
1 April as a part of the Basic ASMAR Program and subsequently covered
by separate contract on 1 June 1966,

Work will be carried out in direct assistance to the Jet
Propulsion Laboratory and the Electric Propulsion Section, Office of
Advanced Research and Technology, NASA Headquarters in their efforts
to establish the usefulness of solar electric propulsion, especially
for solar system exploration(l,2).**

The ASMAR Program will attempt to provide computer programs
based on a physical understanding of the heliocentric and planetocentric
pPhases of spaceflight trajectories. The programs will be formulated
for realistic missions and systems parameters and written using theore-
tical and numerical analysis techniques to give a wide flexibility and
effectiveness in computer usage. While some mission results will be
forthcoming from our work, the primary emphasis will be placed on

assuring the usefulness and proving the range of the programs. Results

*
This research is being supported by the Launch Vehicles and Propulsion

Programs Division, Office of Space Science and Applications, NASA Head-
quarters. Mr. J. W. Haughey of that Division and Mr. J. P. Mullin of the
Electric Propulsion Section, Office of Advanced Research and Technology,
NASA Headquarters are Program and Technical Monitors. Mr. J. W. Stearns
is our contact at the Jet Propulsion Laboratory.

*k
Arabic numbers in parentheses indicate references listed in APPENDIX A.




from our initial efforts during the period of this report (1 June through
31 December 1966) are given in the sections that follow.
B. Personnel

The assignment of ASMAR persomnnel (see APPENDIX B) to the Solar
Electric Mission Studies will be limited for the most part to certain
faculty and staff members. Both Mr. J. P. Layton and Professor P. M. Lion
will be involved as will Dr. C. N. Gordon on subcontract from RCA-AED
and Mr. J. H. Campbell, who was assigned to the ASMAR Program near the
close of this period by AMA. Other AMA personnel as well as other
consultants will be used as necessary.

Mr. G. A. Hazelrigg, Jr., a Ph.D. candidate in the Program
who has been carrying out thesis research on optimal planetocentric
maneuvers, is visiting the Jet Propulsion Laboratory for a six month
period to assist them and provide liaison.

C. Princeton University Computer Center

The Princeton University Computer Center provides essential
support to the ASMAR Program in satisfying our needs for rather extensive
computations. Charges are covered in the University's indirect expenses.
The University has been notified thét it will be required to institute
direct charging for all computing unless it can demonstrate a clear
advantage to the government by retention of the present or some alternative
method. Direct charging would have a great effect on the ASMAR Program

80 these developments are being closely watched.




II. SPACEFLIGHT TRAJECTORY ANALYSIS

The spaceflight trajectory analysis work on the Solar Electric
Mission Studies has so far consisted primarily of the development of two
programs.,

The first of these programs, developed by Dr. Colin N. Gordon,
is an optimization program for two-dimensional, heliocentric trajectories.
It is capable of operating in the rendezvous or flyby modes. The power
law may be either constant, solar electric or other. Analytical partial
derivatives are used for the differential corrections. This program is
presently running, has checked other programs independently developed,
and has yielded initial results. The program's most remarkable feature
is the radius of convergence. It has no trouble converging within miss
distances of one-half A.U. and in certain cases has converged from a
miss distance of over 1 A.U. The trajectory calculations are very rapid,
and the program is capable of sweeping various parameters automatically;
e.g., jet velocity, power level, etc.

The second program being developed under this contract is the
ITEM n-body integration. Personnel working on this program are Mr. Leon
Lefton and Mr. John Campbell under subcontract from AMA.

In addition to n-body integrating this program contains several
other features such as solar pressure, shadow logic, etc. The principal
changes and additions to the program during this period were:

(a) the addition of programmed thrusting capability,

and (b) simplification.



III. TLAUNCH VEHICLE CONSIDERATIONS

In the Solar Electric Missions Studies specific launch
vehicles will be considered and their spacecraft payload
mass/hyperbolic excess velocity capability optimized for the
various mission requirements.

Copies of the 0SSA Launch Vehicles Estimating Factors,
November 1966 have been made available to the ASMAR Program.

The curves shown on FIGURE 1 were taken from this source for
launch vehicles that may be used in the missions where solar

electric propulsion systems are applicable.
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IV. SOLAR ELECTRIC PROPULSION SYSTEMS

Charactexristics of the solar electric propulsion systems
that are being used in our mission studies derive from the studies
sponsored by the Jet Propulsion Laboratory during 1965 on solar
arrays (The Boeing Company), electric propulsion systems (Electro-
Optical Systems, Inc.), and solar powered electric propulsion
spacecraft (Hughes Aircraft Company) during 1965. The Hughes
Program Summary Report (3) provides the primary source of back-
ground information for our efforts; however, all solar electric
propulsion system parameters are being provided by JPL and

approved by Headquarters,



V. SOLAR ELECTRIC MISSION ANALYSIS

During the period of this report some initial work was
accomplished while the computer programs based on optimization analysis
are ﬁeing written and brought to usefulness.

A. Mars Orbiter Check

The ITEM program was used to check the Hughes' results (3)
for the Mars orbiter with the preliminary results shown on TABLES I
through V. and FIGURES 2 through 6. These show a substantial check of
the Hughes data, but because of incompleteness therein no definitive
check will be sought. The cases are believed not to be optimal from
a number of standpoints, No further efforts will be made to check
these results.

B. Jupiter Flyby Results

The preliminary results of a partially optimizing program
applied to the solar-powered electric-propelled Jupiter £lyby mission
in an initial mode are given below using an Atlas (SLV3C)/Centaur
launch vehicle. Electric power from the solar array is taken to vary
as R-1'7. The Earth departure conditions were specified for the most
part and the two dimensional heliocentric trajectory between circular
orbits at 1 and 5.2 A.U. was computed to provide an optimum mating
of the launch vehicle and solar-electric spacecraft to give maximum net
spacecraft mass for the given flight time.

A summary listing of data and results for this initial

mode of the solar electric Jupiter flyby is given on page 21.

10.
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ORBIT OF MARS

SOLAR ELECTRIC MARS ORBITER 1971
LAUNCH ON MRY 8.1871

FLIGHT TIME 231 DAYS
4 FIGURE 2
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ORBIT OF MARE

SOLAR ELECTRIC MARS ORBITER 1973
LAUNCH ON JULY 18,1873

FLIGHT TIME 290 DAYS
: FIGURE 3
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A

ORBIT UF EARTH

ORBIT OF MARE

SOLAR cLECTRIC MARS ORBITER 1975
LAUNCH ON RUG 17,1975

FLIGHT TIME 400 DAYS :
' FIGURE 4
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SOLAR ELECTRIC MARS ORBITER 1877
LAUNCH ON SEP 6,1877

FLIGHT TIME 431 DARYS
o : FIGURE 5
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ORBIT OF MRS

SOLAR ELECTRIC MARS ORBITER 1979
" LAUNCH ON OCT 1.1979
FLIGHT TIME 406 DAYS

20.

FIGURE 6



|
; Solar Electric Jupiter Flyby - Initial Mode

Earth Departure Conditions:
Initial total spacecraft mass 777 kg
Hyperbolic excess velocity 3.755 km/sec
(Vis-Viva energy 14.1 km2/sec?)
Propulsion system specific mass : 30.0 kg/kwe
Electric power at 1 AU 10.0 kwe
Propulsion system mass 300 kg
Effective jet velocity 31.8825 km/sec
Efficiency (jet power/electric power) 0.530 ’
Initial acceleration 4.28x10"% m/sec?
Initial thrust angle 106.5 degrees

Thrust Off Conditions:
Time 545.4 days
Thrust angle 20.49 degrees
Thrust factor 0.08985

Arrival Conditions (Cross Jupiter's Orbit, 5.2 AU):
Flight time 900 days-
Heliocentric flight angle 3.889 radians
Propellant mass used 165.38 kg
Net spacecraft mass ' 311.62 kg
Radial velocity relative to Jupiter 3.510 km/sec
Tangential velocity relative to Jupiter -4.607 km/sec
Hyperbolic excess velocity at Jupiter 5.792 km/sec
Electric power at Jupiter 0.606 kwe

The correspanding departure and arrival dates for the 1974-1978
launch era are:

Depart Earth Orbit Arrive Jupiter Orbit
Mar 28, 1974 Sep 13, 1976
May &4, 1975 Oct 20, 1977
Jun 7, 1976 Nov 24, 1978
Jul 10, 1977 Dec 27, 1979
Aug 11, 1978 Jan 27, 1981

FIGURE 7 shows a plot of the trajectory and FIGURE 8 gives
trajectory profile curves for this mission.

In the next period, although the present program which is in
folar coordinates is limited to two-dimensional transfers, we will be

able to use '"actual' orbits with planetary ephemerides and specify the

departure dates for various flight times. The program will optimize

the power level, effective jet velocity and other launch vehicles and
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2442537 S

Orbit of Jupiter \

Optimum Heliocentric Jupiter Flyby of a Solar Electric Propeiled Spacecraft
Vej= -31.8825 km/sac

F/mo=0.426x10 “m/sec =

Depart on May 4,1975
. Travel Time 900 days

FIGURE 7
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technology will be assumed. Additional details such as spacecraft and
other constraints will be included.
C. Other Mission Studies
The characteristics of solar electric propulsion have led to the
search for other missions that lend themselves specially to this new
technology. Prospective missions will be discussed in the next report

a8 candidates for inclusion in our studies.
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APPENDIX C: Princeton University Computer Center Capability and Planning,

As of 1 April 1966

Professor Edward .J. McCluskey, who is the director of the Computer
Center, will be replaced by Mr. Roald Buhler, currently an assistant director,
as of 1 July 1966. Mr, Hale F. Trotter is the associate director and
programming manager; Mr. Theodore A. Dolotta is an assistant director;
Mr. Edward G. Aubin, Jr., assistant to the director; Messrs. R. Baumberg,
A. M. Jones, Jr. and L. Young are programming staff members; and Mr. A. B. Adams
is operations manager.

The Princeton University Computer Center comprises all of the
stored-program computer installations on campus. The major installation, which
is located in the Engineering Quadrangle, includes an IBM 1410.computer, an
IBM 7094 computer with an associated cathode ray tube display system, and an
IBM 7044-1401 computer system. At the Forrestal Research Campus there is an
IBM 1410 computer system at the Plasma Physics Laboratory, and IBM 360 model 40
computer at the Princeton-Pennsylvania Accelerator, and an IBM 1620 computer
in the Guggenheim Laboratories for the Aerospace Propulsion Sciences. In
addition, the Computer Center administers twenty hours per week of University
use of a CDC 1604 computer owned by the Institute for Defense Analyses and
housed in von Neumann Hall adjoining the campus.

An IBM system 360/50 will be installed on main campus in the latter
half of 1966. This 360/50 will be replaced by an IBM 360/67 twin processor
system in the summer of *1967 at which time the Computer Center will occupy
a new building.

All of the computers are available only to University students and
staff. ©No charges are ever made for computer time. There are opportunities for
any student or staff member to operate each of the computers himself, and
special operators are normally provided only at the Engineering Quadrangle
installation. The Computer Center staff provides training seminars on the use
of specific programming languages and a daily,clinic is conducted by a staff
member to provide individual help for specific problems. It is the responsi-
bility of the problem originator to carry out the detailed preparation of his
program. .




